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Laser-induced breakdown spectroscopy (LIBS) is an efficient tool for identification
of elemental composition and characterization of materials. The concept of this technique
is to focus a laser pulse of sufficiently high power on to a sample to create a plasma plume
of atoms, ions, and molecules. The measurement of the resulting optical emission from
these species provides the basis of the spectral analysis.
Spectroscopic analysis of the plasma generated by Nd:YAG laser irradiation of
wheat flour tortillas was carried out. A careful selection of spectral lines of Ca, Na and K
which do not suffer from spectral interference was made. Among the spectral lines
selected for analysis, the Na I 589.00 and 589.60-nm doublet lines were found to show
the same intensity ratio values.
A study on combustion was carried out with the use of LIBS. The main focus of
this study was to compare results previously obtained using a rectangular slot burner with
new results using a McKenna burner for equivalence ratios measurement in atmospheric
premixed methane-air flames with ungated LIBS and also obtaining a temperature profile

for our new burner. The Mckenna burner has a steady and less turbulent flame. Forty-five
equivalence ratios were calculated.
LIBS spectra of helium, argon and nitrogen were acquired using samples of pure
gases at low pressures. The spectra from the three species showed continuum
contributions which differ from one gas to the other. To better understand LIBS of
gaseous samples, we have performed a study of the laser-induced plasmas in three gases,
i.e., Ar, He, N2 and their mixtures. The evolution of plasma intensity and electron
density, with time was studied at different laser pulse energies.
Samples containing cerium, cesium and strontium were made with known
concentrations and analyzed using laser-induced breakdown spectroscopy (LIBS).
Powder samples are more challenging to analyze using LIBS than pellets. Spectra
resulting from these samples under various experimental conditions were compared for
possible interferences and other properties, placing particular interest in Ce II 418.65-nm,
Cs I 852.11-nm and Sr I 460.73-nm atomic emission spectra lines because these were
outstanding strong lines of these three aforementioned elements.
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CHAPTER I
INTRODUCTION
As a primary research tool, lasers play a fundamental role in the spectroscopic
study of atomic and molecular systems. They have been widely used, leading to a
technological revolution in many fields. In 1962, Brech and Cross showed that a laser
beam can be used as an excitation source of a sample [1]. They observed a micro-size
plasma plume and were able to record a spectrum when a laser was focused onto a metal
surface. It is only with the pioneering spectroscopic investigations of Cremers and
Radziemski in 1983 at Los Alamos National Laboratory, that the use of spark emission
for elemental analysis became reality [2]. They coined the name Laser-Induced
Breakdown Spectroscopy (LIBS) for this technique, which is, also called laser-induced
plasma spectroscopy (LIPS). It is a spectroscopic method based on the spectral and timeresolved analysis of atomic and ionic emission spectra from laser produced plasma
plumes. The principle is quite simple. A pulsed laser beam is focused onto a sample
which could be solid, liquid, gas, or colloid. If the laser pulse is powerful enough so that
its electric field is sufficiently strong, it causes the target material to undergo rapid local
heating, vaporization, dissociation, and ionization of its atoms, thus creating a hot
luminous spark [3]. This spark would be generated with high temperature and high
electron density. It is called a laser-induced plasma (LIP). The ablated material is excited
in the hot plasma and its emission is recorded and analyzed to identify the elemental
1

composition qualitatively and quantitatively. During the expansion and the cooling of the
plasma in the ambient atmosphere or in vacuum, several simultaneous processes occur
which produce a continuum and line emission: Bremsstrahlung radiation (free-free
transitions), radiative recombination (free-bound transitions), and radiative relaxation of
excited atoms, ions or molecules (bound-bound transitions) to name a few [4,5]. Timegated measurement of optical emission spectra is therefore necessary in LIBS
experiments to discriminate against the continuum light, and to sort out spectral features.
It is also useful in reducing interferences between spectral features that appear at the
same or adjacent wavelengths but in different temporal windows. To obtain temporally
resolved spectra, several detection systems are described in the literature, including streak
camera, rotating mirrors and boxcar averagers. Nowadays the preference is given to fast
photodetectors such as intensified charge coupled devices (ICCD), for their abilities to
record the temporal profile of plasma emissions from single pulses. Parigger et al. [6],
reported on the time-resolved diagnostic of LIPs from CO2 and Nd:YAG laser radiations.
In this dissertation, I have studied food samples using wheat flour tortillas of
various types as my case study with the aid of laser induced breakdown spectroscopy. I
also did elemental analysis of gases and mixture of gases, combustion and nuclear
surrogate samples using LIBS.
Theoretical Background
Laser-Induced Breakdown Spectroscopy
LIBS is an experimentally simple type of atomic emission spectroscopy
technique. A high energy laser pulse is used as the excitation source. The laser pulse
2

vaporizes a portion of the target (ablation) and creates a high temperature micro plasma
containing atoms from that vapor. A spectrometer is used to disperse and analyze the
light collected from the ablation sample. A computer is then used as a source of timing
for the laser and spectrometer. Since all elements emit light when excited to a sufficiently
high energy state, all elements can be analyzed using this technique. LIBS principles can
be described in four steps.
1. A high-energy pulsed laser source is used to ablate a sample. LIBS is not
contingent on the form of the material to be ablated. Liquid, solid, gas, aerosols,
gels or just about any other form are suitable samples for LIBS. This ability to
sample many different types of material is a big advantage of LIBS.
2.

The laser is focused onto the sample, causing a small amount to ablate. Ablation
is a thermal process describing the rapid melting or vaporization or sublimation of
the sample. The amount of sample ablated is extremely small.

3. The ablation of the sample creates a super-heated plasma ionizing the elements
inside the plasma. The plasma formation occurs rapidly in a process called
“breakdown”. The excited atoms eventually de-excite giving off light (photons) as
they decay to their ground states.
4. The light is collected and dispersed in a spectrometer. At early times after the
ablation pulse, the plasma emission is dominated by broadband non-specific
continuum emission. Once the spectrum is collected, it can be analyzed to
determine elements present in the sample. The light collected by the spectrometer
is incident on a dispersion element such as a diffraction grating. The dispersed
light is then incident upon a detector such as a charge-coupled device (CCD)
3

camera. The detector collects the light into pixels which is saved as intensity data
values for each pixel from the detector. It is then possible to determine which
wavelengths are present by the intensities. From these different wavelengths, a
spectrum is formed which shows the elemental composition of the sample [7].
The laser-induced breakdown spectroscopy (LIBS) technique is also referred to as
laser-induced plasma spectroscopy (LIPS), laser ablation optical emission spectroscopy
(LA-OES) or laser spark spectroscopy (LSS). Its history runs parallel to the development
of high power lasers, starting with the use in 1963 of the ruby laser for producing sparks
in gases [8-10]. Previously, laser-based research was primarily oriented towards the
diagnosis of the laser-induced plasma (LIP) through measurements of temperatures,
electron densities, and spatial profiles over its lifetime. During this period, much of the
research on laser plasmas and their use appeared in the Russian literature and is
summarized in the classic book by Raizer [11], published in English in 1977. It is
described as the classic book on the physics of shock waves and high-temperature
hydrodynamic phenomena, and was recently reprinted by Zel’dovich and Raizer [12]. In
LIBS, a laser is tightly focused on a solid, liquid or gas target, to create a plasma from
which atoms and molecules emit light. The intensity of the emitted radiation and the
frequencies at which the emission is observed serve to identify and provide information
on the number of emitting atoms responsible for the emission.
Recently, researchers have shown interest in this LIBS technique over traditional
methods of atomic spectroscopy, such as graphite furnace atomic absorption
spectroscopy (GFAAS) and inductively coupled plasma atomic emission spectroscopy
(ICP-AES) due to its numerous features [13]. This interest comes from the fact that in
4

LIBS, both the ablation and excitation processes are performed in a single step, and
together with the abilities for in situ, real time, or stand-off analysis where at times few
nano- or picograms of sample is vaporized, makes it a non-invasive technique. The
measurement time is significantly shortened, since there is no need for a complex or
lengthy sample preparation, thus reducing the amount of contamination. Individual line
emission intensity reflecting the relative population of neutral or ionic excited species in
the plasma provides the ability to estimate multi-elemental concentrations in the sample,
assuming that all elements of the sample are homogeneously distributed. In view of its
benefits, Markushin et al. [14-16] reported on a new application of LIBS for ovarian
cancer early diagnosis. They used two-elements (iron-silicon) coded micro-particles to
yield LIBS emission signatures of CA 125 ovarian cancer biomarker. Similarly, multielemental analysis of transition metals found in solid and granular alloy samples was
performed by Thiem et al. [17]. LIBS is also suitable for a number of diverse
applications, such as space exploration [18-20], environmental monitoring [21-23],
forensic investigations [24-26], military and homeland security [27-29], cultural heritage
preservation [30-32], pharmaceutical products composition [33-35], and biomedical
research [36-42]. The aforementioned studies are just few of the numerous investigations
that various groups have done. Each can be regarded as a research tool for the progress of
LIBS in quantitative applications and equally towards the realization of the ultimate goal
for any analytical technique, i.e., absolute analysis.
Not without its challenges, LIBS requires a minimum photon flux to initiate a
plasma, especially in a gaseous medium. For a spark to be induced in clean (particulatefree) air with 10 ns pulse duration 1064 nm lasers, threshold laser fluence has been
5

reported to range from 90 to 1600 GW/cm2, with large variations due to differences in
experimental setup [43,44]. Such energy densities require the use of pulsed lasers.
Creating the plasma however, is just the beginning. Laser-grade optics and a modern
spectrometer are required to extract useful signal from a small plasma volume, which has
been shown via absorption measurements to be approximately 1 mm3 for nominal
conditions [45]. Also, there are few drawbacks which limit the applicability of the
method, particularly for quantitative analysis. The most relevant are its poor figures-ofmerit (accuracy typically higher than 10 %, precision often greater than 5 %, and
detection limits varying from one element to the other but can range from >100 ppm to
<1 ppm) in comparison to conventional techniques (Figure1.1). Table1.1, compares some
capabilities of the different spectroscopic techniques discussed earlier.
Table 1.1

Comparative chart of analytical capabilities of five common elemental
analysis techniques.
Detection

Technique

of All
Elements

Simultaneous

In

Detection

Situ

Solid

AAS
LA-ICP-MS
LA-ICP-OES
LIBS
XRF

Liquid

Gas

Standoff
Detection

x
x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x
x
x

An x indicates capability and a void indicates incapability (cf Refs[2,46,47]
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x
x

Figure 1.1

Typical detection limit ranges for the major atomic spectroscopy
techniques (cf Ref[46])

Due to quick expansion and fast motion of the laser-induced plasmas, the lifetime
of laser induced plasmas is typically a few microseconds. Interference effects in LIBS are
responsible for its poor selectivity. This is due to the fact that many emission lines from
different elements present in the plasma can overlap with each other, producing very
complex spectra. According to Castle et al. [48], the unsatisfactory analytical
performance of LIBS is due to several factors including, shot-to-shot variability of the
laser pulse, the environment in which the laser-target interaction take place, and matrix
effects. The latter is one if not the most challenging aspect of LIBS quantitative analysis
and is characterized by the strong dependence of atomic emission spectra on relatively
small variations in sample composition [49]. Clearly, a fundamental problem in LIBS lies
in better understanding the analyte response that occurs when the composition and/or
property of a sample’s matrix is altered.
7

Emission Spectroscopy
Optical emission spectroscopy (OES) is a technique which examines the
wavelength of light emissions from atoms, ions, or molecules during their transition from
an excited state to a lower energy state. Since each element or molecule has a unique
emission spectrum according to its atomic or molecular electronic structure, examination
of the emitted light can provide the elemental composition.
Many elements have been discovered using emission spectroscopy. It is the most
commonly used procedure for the measurement of trace elements in rocks, water, soil,
and manufactured goods. The technique is used to monitor the levels of different
chemicals and trace elements in the environment and to determine the compositions of
solids, liquids, and gases. In geoanalysis, emission spectroscopy has been instrumental in
the exploration of economic mineral deposits. In metallurgy and in the semiconductor
industry, emission spectroscopy is of prominent importance in the production control of
both raw materials and finished products [50,51]. Finally, emission spectroscopy allows
the elements present in the sun and stars to be identified, helping us understand better the
nature of the universe [52]. These are only few examples of scientific and technical
disciplines in which the technique of emission spectrometry has made a significant
contribution.
One of the OES methods is atomic emission spectroscopy (AES). It started back
in 1860 with Bunsen and Kirchhoff's experiments in which atomization and excitation
were provided by a simple flame [53,54]. In flame emission spectroscopy, an analyte is
brought into the flame as gas or sprayed solution. The heat from the flame evaporates and
atomizes the sample to produce free atomic species (neutral and ions). The thermal
8

energy also excites the atomic species into excited states. Subsequently light is emitted
when the excited species transit to lower electronic states. By detecting the emitted light
and measuring the intensity-to-concentration relationship, the elemental composition can
be determined and quantitative analysis can be performed. A frequent application of
flame emission spectroscopy is the regulation of alkali metals for pharmaceutical analysis
[55]. Following flame emission spectroscopy, more robust and controllable methods of
excitation were developed using electrical current to interrogate the sample. Inductively
coupled plasma atomic emission spectroscopy (ICP-AES) uses an inductively coupled
plasma to produce excited atoms and ions. Electrode arcs and sparks are also used for
vaporizations and excitations of samples [56]. These AES methods typically require
laboratory support facilities and sample preparations. These have been used in limited
and specific applications. LIBS is an extension of the vaporization and excitation scheme
to optical frequencies [11].
Laser Induced Plasma
Plasmas are commonly referred to as the fourth state of matter with distinct
properties different than those of solids, liquids or gases. They can also be defined as
matter in a state of partial or complete ionization, and that take the form of a gas-like
cloud. Ionization occurs when electrons are removed from neutral atoms during the
absorption of energy from an external source. To be called plasma, the resultant assembly
of electrons and ions needs to satisfy certain criteria. One such criterion stipulates that the
electrons and ions maintain overall electrical neutrality for the lifetime of the plasma such
that
9

ne   n z z
z

(1.1)

where ne is the electron density and nz is the density of positive ions of charge z [57].
A laser-induced plasma (LIP) is a plasma produced as the result of laser-matter
interaction. It can occur for samples in every aggregation state (solid, liquid, gaseous) and
in different surrounding environments [2,58–60]. The properties and expansion dynamics
of the plasmas produced are very sensitive to the conditions used to generate them. Laser
pulse characteristics (temporal pulse length, spatial pulse shape, wavelength), and the
irradiance (which depends on the focal properties of the optics) are all important factors.
In addition, the properties of the target material such as, atomic weight, density, surface
reflectivity, conductivity, melting and boiling points play a major role in LIBS.
The generation of LIPs with high irradiance pulses can be divided into three
distinct regimes:
a) Interaction of laser light with the target material, causing heating, melting and
evaporation.
b) Interaction of laser light with the evaporated material as well as an isothermal
expansion, perpendicular to the target surface.
c) Adiabatic expansion of the plume.
The first two of these regimes take place during the laser pulse, while the timing
at which the third regime occurs depends on the laser pulse length and the material itself.
Combustion Diagnostics with Spectroscopy
Fuels are typically substances which when heated undergo chemical reaction with
an oxidizer (typically, oxygen in air) to liberate heat. Commercially important fuels
10

contain C, H and their compounds, which provide the heating value. They may be
classified as gaseous, liquid or solids. Combustion fuels include fossil fuels (nonrenewable), biomass fuels (renewable), natural gas, petroleum, derived fuels and coal.
Spectroscopy has long been employed for combustion diagnostics. Typically, this
involves the spectroscopic study of intermediate species (such as OH*, CH*, 𝐶2∗ , C𝑂2∗
,etc.) formed in the flame to characterize the combustion process and to measure
important variables, such as: flame temperature, fuel concentration, fuel composition,
equivalence ratio (which is defined as the mass-ratio of air to fuel required for complete
combustion of the fuel divided by actual mass-ratio of air to fuel present in the
combustion environment [61].
Advanced standards of living and modern day civilization provoke the need for
combustion processes used for propulsion, energy conversion, manufacturing and
heating. The need of combustion also results in a number of serious concerns in regard to
fuel resource availability, environmental impact, human health effects and climatic shifts,
both short and long term. Despite the controlled use of combustion for several hundred
years, there are many areas of combustion science and technology that are not currently
well understood. Increased knowledge and understanding of combustion are clearly
necessary to increase the efficiency and cleanliness of current processes and to evolve
and invent new approaches with capabilities previously unavailable.
Many of the current limitations in the knowledge base of combustion can be
attributed to the inability to experimentally probe these processes to the extent necessary
for both empirical and theoretical advances. These limitations arise for two primary
reasons, which at first may sound contradictory, namely the hostility and delicacy of
11

combustion processes. High temperatures and heat transfer rates make these systems
difficult to probe physically with desired space and time resolutions that are consistent
with probe survivability. Combustion processes, whether subsonic or supersonic, are
delicately stabilized and, thus, easily altered by physical intrusion. Optical techniques
have long been recognized by combustion and flow researchers for their potential to
overcome these primary limitations. Classical optical approaches, e.g., absorption and
emission spectroscopy, schlieren and interferometry, although powerful, possess limited
capabilities themselves.
With the advent of the laser, optical diagnostics advanced in two very important
ways. For one, the capabilities of traditionally employed optical approaches were greatly
enhanced. Second, new methods, previously impossible to implement or yet
undiscovered, emerged. As new lasers became available and then reliable, laser
approaches and instruments emerged which exploited the physical scattering of light
from particles or droplets for velocimetry and sizing.
Although more complex, laser spectroscopic approaches permit temperature and
chemical composition determinations in addition to velocimetry. These techniques are
based upon the interpretation of spectra of the radiative emission which ensues following
the interaction of light with specific internal energy states of atoms or molecules.
Analysis of this radiation permits identification of species and determination of
concentration and temperature [62].
Combustion is the world’s major source of energy; thus, it is of paramount
importance to improve combustion efficiency to effectively use natural resources and
minimize combustion-generated pollution to reduce the impact on air quality.
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Combustion and optical diagnostics have been interpreted since Swan’s observation in
1857 of the green bands from 𝐶2 emission in candle flame. Flames became a good source
for optical emission spectroscopy. The fundamental understanding needed for improved
combustion devices and processes requires collaboration of scientists representing many
fields of expertise. A minimal model of a practical combustion device requires chemistry,
fluid mechanics and heat transfer. Well-designed experiments are needed for the
validation of numerical combustion models. Laser-based diagnostic techniques currently
offer direct interrogation of combustion process. Such diagnostic measurements provide a
rigid test of our understanding of combustion and stimulate our ideas on how to apply
this knowledge to the control and optimization of combustion systems.
Combustion systems constitute a harsh, high-temperature environment, which
often features impressively complex chemistry and a time-varying turbulent flow field. In
addition, practical combustion often takes place at elevated pressures and in two-phase
flows. Experimental determination of the most basic information requires significant
effort: temperature, concentrations of major species and reactive intermediates, flow
velocities and potential temporal and spatial fluctuations of these quantities must be
measured, often simultaneously. Limited optical access, window deterioration,
constraints in measurement time, vibrations and other considerations may pose secondary
problems when coupling a laser technique or a laser-based instrument for measurements
in a practical environment.
It is evident that not one single laser technique or measurement approach will
provide all the necessary quantities to characterize a complex practical combustor. Many
different laser-based techniques and methods have been developed to meet these
13

demands, including Raman and Rayleigh scattering, non-linear Raman spectroscopy,
laser induced fluorescence, multiphoton and pump-probe approaches, four-wave mixing
and holographic grating techniques, as well as advanced laser absorption schemes. The
design, application and interpretation of laser-based measurements to characterize a
combustion system require a thorough fundamental knowledge of laser physics,
spectroscopy and combustion chemistry [63].
Data Analysis
Most of the information about the elemental composition of each sample is
contained in their respective LIBS spectra and can be used for both quantitative and
qualitative analysis.
Analysis of LIBS spectra is therefore of very great importance in obtaining
invaluable information that can enable us evaluate the analytical capabilities of LIBS.
Data analysis tools, such as univariate calibration (UC), ESAWIN and Andor technology
software [69], Boltzmann plot, equivalence ratio and Rayleigh scattering calculation
methods among others were used to extract relevant information from the LIBS spectra.
In Chapter 2 intensity ratio analysis plays a fundamental role. In Chapter 3,
Rayleigh scattering was used to obtain a flame temperature profile, while Boltzmann
plots were used in Chapter 4 for obtaining temperature. Univariate calibration was mostly
used for calibration in Chapter 5. Some of the methods of calculation are briefly
discussed below.
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Univariate Calibration (UC)
Univariate analysis uses a single emission line of the analyte to develop a
calibration model and it is based on a plot of the signal of analyte spectral line strength as
a function of analyte concentration. Calibration models were constructed using LIBS data
of a series of known concentration samples and can then be used to determine the
concentration of unknown samples. The calibration model can be expressed as a linear
(first-order) equation (1.2)
y=mx+c

(1.2)

where,
y= the background-subtracted peak intensity or area (dependent variable)
m= slope of the calibration curve
x= analyte concentration (independent variable)
c= intercept
The predictive capability of the developed calibration model can be evaluated by
calculating the relative accuracy (RA%). The RA% is calculated as follows:
RA% =

|𝐶𝑙𝑖𝑏𝑠 − 𝐶𝑡𝑟𝑢𝑒 |
𝐶𝑡𝑟𝑢𝑒

× 100%

(1.3)

where,
Clibs=predicted concentration
Ctrue= true concentration

[64]
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Limit of Detection (LOD)
This is the limited amount of a substance or compound that can be measured and
reported with 99% confidence.
LOD=

2𝜎
𝐼0

(1.4)

𝐶0

where,
𝜎= standard deviation of the background or noise
I0= relative peak height of lowest concentration
C0= lowest concentration

[65]

Equivalence ratios and Uncertainties
The equivalence ratio was defined as follows:
Equivalence ratio (𝝋) =

𝐴𝐹𝑅𝑠

𝐴𝐹𝑅𝑎

(1.5)

where,
AFRs= The stoichiometric mass-based air-fuel ratio, for methane air combustion
AFRa= The actual mass-based air-fuel ratio computed from measured fuel and air
mass flow rates.
The uncertainty of the measured equivalence ratios in this study were below 5%.
The uncertainty was measured using the following equation:
2
𝑈𝝋

𝝋2

𝑉𝑓

=(

𝝋

𝜕𝝋 2 𝑈𝑉𝑓 2 𝑉𝑎 𝜕𝝋 2 𝑈𝑉𝑎 2 𝑃𝑓 𝜕𝝋 2 𝑈𝑃𝑓 2 𝑃𝑎 𝜕𝝋 2 𝑈𝑃𝑎 2
) ( ) +(
) ( ) +(
) ( ) +(
) ( )
𝜕𝑉𝑓
𝑉𝑓
𝝋 𝜕𝑉𝑎
𝑉𝑎
𝝋 𝜕𝑃𝑓
𝜕𝑃𝑓
𝝋 𝜕𝑃𝑎
𝑃𝑎

(1.6)
where,
𝝋= equivalence ratio
Vf= fuel volume flow rate
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Va= air volume flow rate
Pf= pressure of fuel at the outlet
Pa= pressure of air at the outlet
𝑈𝝋 , 𝑈𝑉𝑓 , 𝑈𝑉𝑎 , 𝑈𝑃𝑓 𝑎𝑛𝑑 𝑈𝑃𝑎 are the uncertainties associated with 𝝋�, 𝑉𝑓 , 𝑉𝑎 , 𝑃𝑓 and
𝑃𝑎 respectively [66].
Temperature Calculations
The plasma temperature can be determined by the formula below:
𝜆𝐼
𝐸
ln( ) = C - 𝑢
𝐴𝑔𝑢

𝑘𝑇

(1.7)

where,
I= Intensity
λ = wavelength
A= the transition probability
𝑔𝑢 = statistical weight of the upper level
𝐸𝑢 = the energy of the upper level
k = Boltzmann constant
T= Temperature

(67]

For a given spectrum, a plot of the logarithmic term of the Boltzmann function,
1

versus 𝐸𝑢 yields a straight line whose slope S is equal to - . Hence, we can write,
𝑘𝑇

T=-

1

(1.8)

𝑘𝑆

Temperature can also be obtained using Rayleigh scattering measurements and
the following equations:
𝑇2 = 𝛿

S(T1)

S(T2)
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T1

(1.9)

where,
T2= The flame temperature
T1= Known temperature of dry air or at room temperature
S(T1)= The Rayleigh signal measured for air at temperature T1
S(T2)= The Rayleigh signal measured in the postflame region at a temperature T2.
δ=

𝜕𝜎⁄𝜕𝛺 𝑝𝑜𝑠𝑡 𝑓𝑙𝑎𝑚𝑒
𝜕𝜎⁄𝜕𝛺 𝑎𝑖𝑟

(1.10)

where,
δ represents the ratio between the differential scattering cross sections for the two
different temperature and species regimes [68].
Research Motivation
Due to a growing interest that LIBS is receiving for its potential in biomedical,
environmental, industrial, space applications among others, the focus of this dissertation
was on the applicability of laser-induced breakdown spectroscopy to a variety of practical
applications. The specific objectives of the present work are as follows:
1. To develop a technique to monitor quality of food samples with case study of
wheat flour tortillas
2. To calculate a set of equivalence ratios, obtain flame temperatures using the
flat flame burner and compare usage of new burner to rectangular slot burner.
3. To analyze pure gases, gaseous mixtures and nuclear surrogate samples for
numerous applications
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The LIBS technique was utilized to achieve these objectives. Several LIBS
experimental methods were employed to record LIBS spectra and several data analysis
techniques have been used to analyze the LIBS data.
Organization of the Dissertation
This dissertation deals with the applications of laser-induced breakdown
spectroscopy for various objectives as mentioned in the previous section.
Chapter 2 is an analytical study made on wheat flour tortillas. The results in this
chapter have been presented at several conferences (SCIX 2015 and PITTCON 2016) and
will be submitted to a peer-reviewed food science journal (Journal of Food Composition
and Analysis).
Chapter 3 is a combustion diagnostic study with emphasis on calculating a wide
range of equivalence ratios, using the new and sophisticated McKenna or flat flame
burner and also evaluating its performance, when compared with the rectangular slot
burner used in a previous literature. An attempt, is also made to come up with a flame
temperature profile using this burner.
Chapter 4 is a study on pure gases and their mixtures and how various
measurements can be made using differing amounts of gases in different concentration
ratios and the effect that has on the intensity, temperature, pressure of gases etc.
Chapter 5 is a spectroscopic study of nuclear surrogate samples with emphasis on
cerium and checking if there are any interferences to the detectability of this element
when mixed with other samples containing other nuclear surrogate elements as well. This
work will be submitted to Applied Optics.
19

Finally, a summary of the research work conducted in this dissertation and future
research recommendations for prospective researchers are presented in Chapter 6.
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CHAPTER II
A STUDY OF WHEAT FLOUR TORTILLAS USING LASER INDUCED
BREAKDOWN SPECTROSCOPY
Abstract
Wheat flour tortillas of different colors and composition were studied with the aid
of laser induced breakdown spectroscopy (LIBS). Due to its simplicity, fast response,
little or no sample preparation, LIBS is presented as an effective tool for rapid in situ
sample analysis of food samples with emphasis on tortillas. Spectroscopic analysis of the
plasma generated by Nd:YAG laser irradiation of tortilla was carried out. A careful
selection of spectral lines of Ca, Na and K which do not suffer from spectral interference
was made. Spectral properties of the above mentioned elements, such as peak intensities,
intensity ratios, and area under spectral lines, were analyzed. Optimization of laser pulse
energy, detection gate width and gate delay for well resolved spectra with high signal-tonoise ratio was done and other parameters studied. Among the spectral lines selected for
analysis, the Na I 589.00-nm and 589.60-nm doublet were found to show interesting
properties. Tortillas manufactured by Gruma Corporation and Mexamerica, of brown,
orange, green and white colors as well as homemade tortillas were studied in this work
and the results from both dried and undried samples is presented.
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Introduction
Tortillas are widely used for food consumption and also are major sale products
for many manufacturing companies. Improving the quality of tortillas will be a boost not
just for the companies, but for the consumers as well.
Nutritional shortfall presents a widespread occurrence, affecting not only the lessdeveloped nations but also the richer ones [1, 2]. Cereals are the major components of the
human diet, providing 52% of the global caloric intake and a meaningful source of
inorganic nutrients [3].
Wheat is an important food source and it is considered as one of the “big three”
cereal crops, together with rice and maize [2]. Wheat grains have to be milled into flour
prior to consumption. However, this industrial process may result in substantial losses of
nutrients from the whole grain [3].
In this context, tortilla analysis is an important strategy to ascertain the quality of
dough used and also when the overall diet does not supply adequate levels of a specific
element [3, 4].
In the case of wheat flour, the enrichment in vitamins B1 and B2, niacin, iron and
calcium is a standard procedure in several countries. Reliable methods for micronutrient
and elemental evaluation are important for establishing good food quality and safety
needs, as well as its nutritional impact [3]. The control of minor element concentrations
in food is necessary to evaluate sanitary risks. Several studies have shown a correlation
between health problems and exposure to specific substances [5].
XRF (X-ray fluorescence) is a well-established technique allowing simultaneous,
multi-elemental and non-destructive analysis. This technique has been used for the
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determination of inorganic nutrients in a variety of cereals such as rice [6-8], pearl millet
[6], maize [8, 10], quinoa [11], and wheat [12, 13]. Direct analysis of wheat flour
performed using an energy dispersive X-ray fluorescence (EDXRF) system based on
three-axial geometry was evaluated with secondary targets such as Al, Ti, Ge and Mo.
Linear calibration curves were obtained for Na, Mg, Al, P, S, Cl, K, Ca, Mn, Fe, Cu, Zn,
Br, Rb, Sr, Mo, and Cd with pellets of biological certified reference materials from the
National Institute of Standards and Technology (NIST), the National Metrology Institute
of Japan (NMIJ) and the National Institute for Environmental Studies (NIES). Accurate
results were obtained for all above mentioned analytes [14].
LIBS is another attractive method, whose features and applications can be found
in a comprehensive review from Hahn and Omenetto [15]. LIBS also enables the
simultaneous determination of inorganic nutrients in food samples, and it has been used
for evaluating the elemental composition of wheat grain tissues [16], for estimating the
wheat grain tissue cohesion according to its ionization effectiveness [17], and for the
analysis of rice powder, unpolished-rice flour and starch [18]. The quantitative
determination of Ca in pellets of breakfast cereals has also carried out by LIBS [19]. In
addition, LIBS can be used in association with EDXRF aiming at quality control of staple
products such as wheat flours [20]. LIBS is used in this work because of its advantages
over other methods which include the fact that it is experimentally simple, it has a very
fast response with results being readily available immediately and it requires little or no
sample preparation.
The present contribution is aimed at giving a better understanding of the behavior
of three basic elements in tortilla under different experimental conditions, providing a
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much needed analysis on a food item that not much study has been done on with the use
of LIBS and to show-case the fact that LIBS is an effective tool for analysis of food items
and their quality.
Materials and Methods
Experimental setup
Figure 2.1, shows the experimental setup. A frequency-doubled second harmonic
Q-switched Nd:YAG laser (Quantel CFR400 20Hz, 7-ns pulse width, 6-mm diameter,
235mJ maximum) was used as the excitation source. A portion of tortilla is cut in the
form of glass slide and the sample is placed on a rotating platform to ensure that each
laser pulse hits on a fresh spot. The laser is focused onto the sample surface through a
30cm focal length quartz lens and a right angle prism. Spectra were collected with an
Andor (Mechelle ME5000) broadband spectrometer (200–975 nm spectral range) through
a 100 µm diameter optical fiber equipped with a pickup lens (Ocean Optics Inc. (OOI)
Part No.74-UV). The latter was placed 5cm away from sample and at 450 with respect to
the beam axis. Andor Solis software [29] was used for data acquisition setup. The
spectrograph was connected to a personal computer for data acquisition. The acquisition
gate width was set to 5µs and gate delay optimized to 2µs while the pulse energy was set
to 68 mJ.
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Sample Preparation
The tortilla is cut into pieces similar in size to that of slide length, width and
thickness (25 x 75 x 1.00 mm). Initially, tortilla of various composition is bought from
the shop. The tortillas are placed in different categories in accordance with their colors.
Homemade tortillas were made using Great Value tortilla mix. Half cup of warm
water is mixed with two cups of Great Value tortilla mix. The griddle is preheated to 400425℉. Warm water is added to the tortilla mix in a large bowl and mixed well. We knead
for about five minutes until the dough is smooth and elastic. If the dough appears sticky,
we add more mix. The dough is covered with a damp cloth and let to rest for fifteen
minutes. The dough is divided into eight portions and rolled out on a lightly floured
surface to 1/8 inch thickness. It is cooked for one and the half minutes on each side until
lightly browned. Homemade tortillas nutrients are shown in Table 2.1
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Table 2.2
Type
Brown

Tortilla manufactured by Gruma Corporation/Mexamerica, of different
colors.
Nutrients
Total Fat
Saturated fat
Cholesterol
Sodium
Calcium
Total Carbohydrate
Dietary Fiber

Calories/g
< 80
< 25
< 0.30
< 2.4
< 2.5
375
30

%Daily Value
3
3
0
13
15
8
16

Total Fat
Saturated fat
Cholesterol
Sodium
Calcium
Total Carbohydrate
Dietary Fiber

< 80
< 25
< 0.30
< 2.4
< 2.5
375
30

5
3
0
18
8
8
4

Total Fat
Saturated fat
Cholesterol
Sodium
Calcium
Total Carbohydrate
Dietary Fiber

< 80
< 25
< 0.30
< 2.4
< 2.5
375
30

5
3
0
18
2
9
4

Total Fat
Saturated fat
Cholesterol
Sodium
Calcium
Total Carbohydrate
Dietary Fiber

< 80
< 25
< 0.30
< 2.4
< 2.5
375
30

5
3
0
18
2
9
4

White

Green

Orange

Nutrients as indicated on the product package for different types of tortillas.
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Table 2.3

Great Value flour tortilla mix used to make homemade tortillas.

Nutrients
Total Fat
Saturated fat
Cholesterol
Sodium
Potassium
Total Carbohydrate
Dietary Fiber

Calories/g
< 65
< 20
< 0.30
< 2.4
3.5
300
25

% Daily Value
12
19
0
20
1
10
0

Nutrients as indicated on the product package distributed by Wal-Mart Stores, Inc.,
Bentonville, AR 72716©2001.
Theoretical Background
LIBS is based on atomic emission. When a high power laser pulse is focused onto
a material target (solid, liquid, gas and aerosols), the intensity in the focal spot produces
rapid local heating and intense evaporation, followed by plasma formation. The
interaction between a laser beam and a solid is dependent on many characteristics of both
the laser and the solid material. Various factors affect ablation of material, which include
the laser pulse width, its spatial and temporal fluctuations as well as its power
fluctuations. The plasma expands normal to the target surface at a supersonic speed in
vacuum or in the ambient gas. The hot expanding plasma interacts with the surrounding
gas by two mechanisms: (i) the expansion of high pressure plasma compresses the
surrounding gas and drives a shock wave, and (ii) during this expansion, energy is
transferred to ambient gas by the combination of thermal conduction, radiative transfer
and heating by shock wave. Light emitted as a result of gaseous discharge is examined by
a spectrometer and found to form a spectrum of discrete lines, bands and sometimes an
overlying continuum. Discrete lines (and sometimes accompanying continuum) are
characteristic features of emission from neutral atoms and ions in the discharge source.
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The spectral lines are characterized by three properties: wavelength, intensity, and shape.
These properties are dependent on the structure as well as the environment of the emitting
atoms [21].
Cabalin and Laserna investigated the effect of laser wavelength on the plasma
initiation threshold on metal samples using infrared (1064 nm), visible (532 nm), and
ultraviolet (266 nm) regions. It was found that laser wavelength plays an important role
in the plasma initiation threshold, and a shorter laser wavelength improved the mass
ablation process of metals [22].
Magnetic et al. investigated the effect of laser pulse duration using 6 ns and 170 fs
laser pulses on brass samples in argon shield gas. It was found that more reproducible
data was obtained with the fs-laser pulse than with the ns-laser pulse [23]. Gondal et al.
investigated the effect of laser pulse energy on signal intensity. It was found that signal
intensity linearly increased when laser pulse energy increased from 10 mJ to 30 mJ [24].
The LIBS emission spectra consists of both continuum and line radiation. Due to
the presence of continuum radiation at the very beginning, the detection of emission lines
from the laser-induced plasma is far from satisfactory. The technological advancements
of charge-coupled device (CCD) and intensified charge-coupled device (ICCD) detectors
enable time-resolved LIBS measurements. Gate delay (td) means the time delay between
plasma formation and the start of the observation of the plasma light. Gate width (tw)
means the time period over which the plasma light is recorded [25]. The td and tw are
controlled by using a time-resolved detection system in such a way that the continuum
emission from the plasma can be gated off and significant enhancement of signal can be
achieved drastically. Wisbrun et al. investigated the effect of td, tw and repetition rate on
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signal intensity and signal-to-noise ratio (SNR) using soil and sand samples. The results
concluded that the td and tw were element-dependent; however a common condition could
be found [26]. They also found that the optimum repetition rate for soils was 1 Hz, and td
was more significant than tw in controlling the LIBS signal intensity and stability. Eppler
et al. investigated the effect of tw on signal intensity. It was found that tw longer than
50µs was unnecessary because most of the analytical emission lines had completely
decayed [27].
Results and Discussion
Brown, orange, green and white tortillas are cut into sizes comparable to that of a
slide (25x75x1.0mm) using a pen knife and a pair of scissors. The laser is focused onto
the tiny slices as it would have been the case of powder samples on double sided tape
mounted on a glass slide. The spectra that result are then analyzed.
First of all, we identified the elements of interest in our tortillas (i.e. calcium,
sodium and potassium) with the help of the NIST (National Institute of Standards and
Technology) spectroscopic data base [28]. Peaks resulting from the spectra showed
strong lines of calcium at 393.37nm, 396.85nm and 854.21nm (CaII(1), CaII(2) and
CaII(3) respectively). Strong lines of sodium were found at 589.00nm, 589.60nm, and
819.7nm (NaI(1), NaI(2) and NaI(3), respectively). Potassium strong lines at 766.49nm
and 769.90nm were also found.
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Figure 2.2

Spectra showing strong lines of interest for Ca, Na and K.
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Figure 2.3

Variation of peak intensity versus gate delay for brown tortilla samples.

The variation of peak intensity with gate delay for brown tortilla is presented in
Figure 2.3 and showed a similar pattern for all the elements of interest, i.e., decreasing
peak intensity values with increasing gate delays. It is worth noting, that similar results
are obtained for the orange, green and white tortillas as those shown in Figure 2.3.
We know that the laser continuously keeps emitting light pulses once we turn it
on, but the detector takes a time called the gate delay time before it starts collecting the
signals and it collects the signal for a period called the gate width.
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These results indicate better intensity at smaller gate delay. Nevertheless, the
optimized value is obtained by selecting the gate delay with the highest signal-to-noise
ratio.
A qualitative comparison was then made of the variation of peak intensity with
gate delay and the variation of area under curves with gate delay, to see the trend between
the above mentioned four types of tortilla. The following was obtained for two of the
strong lines of calcium. It is also worth noting the same pattern is observed when a plot is
made for the sodium and potassium lines.
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Figure 2.4

Variation of intensity and area under curve with gate delay for calcium
lines

Figure 2.4 reveals that the peak intensity and area under curve follow the same
pattern. In all cases, the orange tortilla always has lower intensities compared with the
other tortillas, this could be attributed to the contents of this tortilla and its nutritional
composition indicated in Table2.1. This, suggests that the concentration of the above
mentioned elements were smaller in the orange tortillas than in all the other tortillas.
The same comparison was made for sodium and potassium lines with the same
results obtained.
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Figure 2.5

Signal-to-noise ratio for three lines of Na, Ca and K
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Figure 2.6

Intensity ratios with respect to Na (I) 589.00nm line (NaI (1)).
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Figure 2.7

Intensity ratios with respect to Na (I) 589.60-nm (NaI (2))

The three lines used in Figure 2.5 are among our lines of interest for the three
different elements studied and confirm that a gate delay of 2µs is suitable for
measurements. After optimizing the gate delay to 2µs and doing all other measurements
at this gate delay, gate width of 5µs, accumulation of 10 spectra and energy of 68 mJ, the
intensity ratios were obtained.
We proceed to do intensity ratio analysis, which is more reliable and not subject
to change if good analyte lines are used, to confirm or double check before making
conclusions about concentration levels between the various types of tortilla. Therefore,
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different combinations of ratios among these intensity values were evaluated in order to
find those which could be used for comparison purposes. Using 8 peaks, 22 different ratio
combinations were evaluated as shown in Figures 2.6, 2.7 and 2.8. Figure 2.6 reveals
easier detection of Ca(II) 393.37-nm lines, followed by Ca(II)396.85-nm lines and
Ca(II)854.21-nm are the lowest ratio for all tortillas. Detection of K(I) 766.49-nm lines
are also be higher than for those of K(I) 769.90-nm line. The Na(I)589.60-nm line had the
same intensity ratio for all tortillas when the Na(I)589.00-nm line was used as its divisor.
The Na(I)589.00-nm line also had the same intensity ratio for all four types of tortilla
when the Na(I)589.60-nm line was used as its divisor. This result (see Fig.2.6 and 2.7),
confirm that the sodium doublet lines are in the same plasma condition as we would
expect. The Na(I) 819.7-nm line divided by both sodium doublet lines showed several
variations in its ratios as shown in Fig.2.6 and 2.7 indicating that it is not a good analyte
line for intensity ratio analysis. It shows slightly higher intensity ratios for brown tortilla
and slightly lower intensities for white tortilla, even though they should be at the same
plasma conditions when considering all Na lines present. The Na(I) 819.7-nm line is
therefore discarded from consideration. Figure 2.7 is very much like a snapshot of
Fig.2.6. This reveals that the doublet lines are good analyte lines, whose ratios confirm
the same results for calcium and potassium lines, as explained above.
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Figure 2.8

Intensity ratios of Na and K with respect to CaII 393.37-nm (CaII(1)) and
CaII396.85-nm (CaII(2)) lines respectively.

Figure 2.8 reveals that CaII393.37-nm and CaII396.85-nm lines gave the same
results when used as divisors for Na and K Intensity lines respectively. They are also
good analyte lines for intensity ratio measurements. In Figure 2.7, the intensity ratio for
Na(I)589.00-nm:Na(I)589.60-nm pair was greater than for the Na(I)589.60-nm:
Na(I)589.00-nm pair. In Figure 2.8, the intensity ratio for Na(I)589.00-nm with respect
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to calcium lines is also greater than that for Na(I)589.60-nm. This indicates that
Na(I)589.00-nm line is easier to detect and has higher intensity than the Na(I)589.60-nm
line. This result can be confirmed from the spectra in Figure 2.2.
Figure 2.8 also reveals that intensity ratio of the Na:Ca pairs are greater than that
of the K:Ca pairs for all tortillas. The high presence of Na can be attributed to the use of
many salt-rich ingredients in making of tortillas which has relatively high percentage
daily value as shown in Table2.2. Percent daily values in Table2.2 are based on a 2500
calorie diet while those of Table 2.3 are based on a 2000 calorie diet as indicated on the
package labels. The percent daily values are different for the different types of tortillas,
even though the nominal calories/g of the different tortilla types are the same. Our result
is of great importance for testing of food samples whose package labels need verification
and the LIBS method having so many advantages including quicker results will be a
suitable method to apply when results are needed immediately and without much sample
preparation. This result can also be used to differentiate the various types of tortillas not
just by their color, but according to the concentration levels of the different elements of
interest. However, further attempts to improve reproducibility of spectra collected from
tortillas and subsequently intensity ratios evaluated are essential. Hence, an attempt to
reduce this error may provide better and more robust ratio analysis results. Several factors
could be responsible for poor reproducibility of LIBS signals observed in tortilla. These
factors may include laser parameters and target sample properties [21]. Temporal and
spatial energy fluctuations of pulses may affect the process. Additionally, sample surface
topology and density can affect plasma formation, which in turn affects the LIBS signals
[21].
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Homemade tortillas were made from the Great Value Flour Tortilla mix as
indicated in the sample preparation and allowed to dry for several days. Tortilla allowed
to dry for five days and data collected for each day consecutively showed that when
tortilla is less moist, it is easier for the laser pulses to form a plasma which results in
higher intensity for more days of drying as shown in Figure 2.9. Any discrepancies would
be attributed to matrix effect as a result of homemade tortillas which are not as smooth on
the surface and exact in thickness as that manufactured by Gruma Corporation and
Mexamerica.
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Figure 2.9

Peak intensity variation with respect to days of drying of homemade
tortillas

Conclusions
Ca, Na and K were found in all the tortillas. The peak intensities and area under
curves variation with gate delay showed a decreasing pattern with increasing gate delay
as would be expected. The intensity ratios showed similar patterns for plasmas in similar
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conditions. There was an increase in peak intensities with increasing days of drying
homemade tortillas. Matrix effect played a minute role due to homemade tortillas not
having evenly smoothened surface as tortillas from Gruma Corporation and Mexamerica.
The choice of analyte lines is also of great importance as shown in the intensity ratio
analysis. The analyte lines used were, the sodium doublet lines (Na (I) 589.00-nm and Na
(I) 589.60-nm lines), Ca (II) 343.37-nm and Ca (II) 396.85-nmlines. The results of ratio
analysis of the intensity of atomic emissions provide a sizable range of ratio values for
differentiating the various types of tortillas. Due to a growing interest LIBS is receiving
for its potential in biomedical, environmental, industrial and space applications, the
results obtained buttress the fact that LIBS is an effective tool for in situ analysis and
quality control of food samples with little or no sample preparation. However, further
studies need to be performed to study its applicability on larger amounts of other food
samples, apart from tortillas. Also, by doping the tortilla intentionally with heavy toxic
elements, we can verify the fact that there are no toxic elements in the tortilla samples by
comparing the spectra of doped samples with that of the undoped samples with the intent
of identifying peaks which differ and with the help of the NIST data base, we can
confirm that there are no toxic elements. We believe, this is a fertile area to develop from
this work, not just for tortillas, but for other food samples as well.
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CHAPTER III
COMBUSTION DIAGNOSTICS USING LASER-INDUCED BREAKDOWN
SPECTROSCOPY
Abstract
A rectangular slot burner used in a previous literature [1] is replaced by a flat
flame McKenna burner. A new set of equivalence ratios are calculated and tend to be
slightly leaner for the same flow rates than when slot burner was used. A comparative
study is carried out between equivalence ratios, spectra, effect of neutral density filters,
etc. of these two burners for methane-air premixed flames. A temperature profile is
obtained using Rayleigh scattering theory after many adjustments are made to reduce the
elastically scattered laser light, like painting the McKenna with anti-reflexive paint,
putting burner in a black-box, using beam blockers, changing position of measurement
above burner exit etc. These adjustments can be improved, to obtain a temperature profile
much closer to the adiabatic temperature. The results obtained showcase the effectiveness
of laser-induced spectroscopy in combustion diagnostics.
Introduction
The spatially resolved determination of gas mixture composition and temperature
is an important task in many areas of research. One field where this is of particular
interest is combustion as in a flame where both parameters vary significantly with the
location of the measurement volume [2].
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For this purpose, a large number of laser-based methods have been developed
over the past five decades, including spontaneous Raman scattering and laser-induced
fluorescence, as well as a variety of nonlinear optical techniques [3]. Unfortunately, they
do all have certain drawbacks: Raman scattering in gases is inherently weak and requires
expensive equipment; fluorescence techniques are limited to a small number of natural
flame species or require seeding of tracer molecules; nonlinear optical methods are
experimentally complicated and the data evaluation is usually difficult as well [2].
By contrast, laser-induced breakdown spectroscopy (LIBS) is an experimentally
straightforward technique which can deliver a manifold of information. In a typical LIBS
experiment, a pulsed laser is focused onto a spot where the high local intensity results in
an optical breakdown i.e. the formation of a plasma through multi-photon absorption,
ionization and atomization. Recombination and relaxation of the nuclei/ions and electrons
result in emission of light of characteristic wavelengths. Consequently, a spectral analysis
of the optical emission can be utilized to derive information about the elemental
composition of the sample. Due to the fact that all elements emit light of characteristic
frequencies when they are sufficiently excited, LIBS can in principle detect all elements
simultaneously. However, the temperature before the plasma event can typically not be
extracted from the signal as this basically carries information about the plasma
temperature only [2].
Laser-induced breakdown spectroscopy is used in this work to obtain elemental
composition analysis and thermometry. From the spectrally resolved emission
measurements, composition is determined, but temperature is determined by taking
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advantage of the fact that the breakdown threshold is strongly dependent on the local gas
density which in turn is a function of temperature [2].
The high temperatures generated by combustion processes have a direct influence
on a variety of factors including chemical reaction rates, process efficiency, pollutant
levels, product quality, and rate of failure mechanisms. It is therefore of great importance
that the temperature be determined to the best possible accuracy. Conventional contact
probes, such as the thermocouple are still widely used in high-temperature applications
due to their relative simplicity of use and low cost, and a large proportion of traceability
in the combustion industry is via corrected thermocouples [4]. However, thermocouple
gas thermometry is subject to numerous errors resulting from the complex interaction
between the thermocouple and its environment. Noncontact laser diagnostic techniques
avoid the problems associated with the perturbative nature of contact probes, but are
generally technically complex, and uncertainty concerning the validity of assumptions
made in applying the techniques often results in large errors [5].
Premixed flat-flames stabilized on top of porous water-cooled plugs have been
shown to provide exhaust gas regions that are temporally and spatially uniform in terms
of both temperature and species concentrations [6] and are suitable for calibration
purposes. In this work, the use of premixed methane/air was chosen, to provide a flame
temperature of approximately 2249 K, although there is no reason that other fuels or
oxidizers could not be used.
Due to its experimental simplicity, Rayleigh scattering thermometry was chosen,
with measurements made for a variety of equivalence ratios and input gas flow velocities.
Rayleigh scattering is the elastic scattering of light from atoms, molecules, or very small
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particles. It can be adequately described classically: the electrons in atoms, molecules,
and small particles radiate like dipole antennas when they are forced to oscillate by an
applied electromagnetic field. The theory of Rayleigh scattering is extended as normally
applied. The elastic scattering of light by a molecule is proportional to its Rayleigh
scattering cross section, an intrinsic property of a molecule, which is commonly assumed
to be temperature-independent. However, a temperature dependence on the order of a few
percent does exist, due to the change of the molecule’s polarizability [7] and mean
anisotropy with increasing temperature. Therefore, to obtain accurate temperatures, we
need to determine not only the species concentrations in the post flame region, but also
the change with temperature of the scattering cross section of each of these species [5].
Real time measurement of local and global fuel-air equivalence ratios (𝝋) is
essential for monitoring and closed-loop control of premixed combustion systems.
Pollutant emissions, such as oxides of nitrogen, carbon monoxide, unburned
hydrocarbons and particulate matter, can be reduced by controlling fuel-air equivalence
[8-10]. Precise control of equivalence ratio can also help in preventing serious accidents
in gas turbines, such as blow-off, flashback due to pressure waves or damage to the
combustor due to combustion oscillations as these turbines operate close to the lean limit
[10,11]. In internal combustion (IC) engines, advanced combustion strategies, such as
homogeneous charge compression ignition (HCCI) [12], low temperature combustion
[13], and direct injection spark ignition [14], utilize premixed or partially premixed
combustion modes to simultaneously improve engine efficiencies and reduce pollutant
emissions [15].
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Experimental
Apparatus
The experimental setup for the LIBS-based equivalence ratio measurements is
shown in Figure 3.1. Methane-air premixed flames were first of all generated in a
rectangular slot burner (length: 11.2 cm, width: 0.55 cm, and height: 26cm). This was
then replaced by the McKenna flat flame burner shown in Figure 3.2. The flat-flame
burner consists of a 6-cm-diameter sintered porous stainless-steel plug and 1.4-cm-width
sintered porous bronze shroud ring. The reactant mixture consisting of premixed oxidizer
and fuel is introduced into the bottom of the burner and distributed over the cross section
by the sintered plug. Methane (99.97% pure) and air (breathing grade) were mixed at
room temperature prior to introduction from the bottom end of the McKenna burner. The
flow rates of methane and air were measured with inline flow meters (Cole Palmer
rotameters with ±2% accuracy full scale).
A frequency-doubled Nd: YAG pulse laser (Big Sky/Quantel CFR 400, 10 Hz,
532 nm, 180 mJ, 9 -mm beam diameter) was used to create laser-induced-breakdown in
the premixed methane-air flames. The laser beam, with pulse a pulse energy of 87 mJ,
was focused approximately 2-mm above the burner by employing a plano-convex lens of
200-mm focal length. The LIBS signal was collected by employing the ungated detection
technique. A polarizer (Karl Lambrecht Corporation, MGLS-SW-15) was employed to
suppress the elastically scattered laser light. A fused silica, plano-convex, spherical lens
with 100-mm focal length and 12.7-mm diameter collected and coupled the optical signal
to the single end of a bifurcated optical fiber (Ocean Optics, QBIF400-UV-VIS). It is
worth mentioning that in LIBS the primary plasma at the focused spot radiates intense
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continuous emission in a very short time. The secondary plasma, expanded from the
primary plasma, radiates strong atomic emission with little contribution from the
background. The secondary plasma was used for ungated LIBS measurements. The
optical signal in the elliptically evolving laser-induced plasma (along the laser axis) was
collected from a location that was a little offset (~2 mm axially) from the point at which
laser-induced plasma was generated. This arrangement also helped in minimizing the
presence of elastically scattered laser light in the collected signal without disturbing the
LIBS measurements.
One of the bifurcated ends of the optical fiber was connected to an Ocean Optics
USB 2000 spectrometer (600 grooves/mm grating) with a spectral resolution of 3.8 nm
(full-width-at-half-maximum) to record the LIBS spectra. The other end was used for
optical alignment in the flame by sending a separate laser beam through it before the
experimental measurements were performed. This end was closed while performing
LIBS experiments. At each equivalence ratio condition, 100 spectra were collected with
50 ms exposure time and single accumulation. Single accumulation implies that there was
no on-board spectra accumulation by the detector while recording the spectrum. Since the
laser was pulsing at 10 Hz frequency (i.e., two successive laser pulses were separated by
a time delay of 100 ms), out of 100 collected spectra, every other spectrum captured the
LIBS signal while the next one collected the background. This method enables online
background correction [1].
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Figure 3.1

Schematic diagram of the experimental setup for LIBS based equivalence
ratio measurements [1]

Figure 3.2

Holthuis and Associates ‘Flat-Flame Burner’ or ‘McKenna flat flame
burner’ [16]
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Data Analysis
Since the laser pulses were spaced 100 ms apart and spectra were acquired every
50 ms, approximately one half of the spectra comprised LIBS signals and the other half
provided background information. The LIBS spectra and the background spectra were
averaged separately and finally the averaged background spectrum was subtracted from
the averaged LIBS spectrum to generate the background-corrected LIBS spectrum.
An Excel spreadsheet equipped with information on the molecular weights, outlet
pressures, flow rates, corresponding volume flow rates for methane and air, air-fuel
stoichiometric ratio and uncertainty magnification factor was used to calculate forty-five
equivalence ratios.
Percentage error =

𝐸𝑟𝑟𝑜𝑟��𝑖𝑛�𝜑
𝜑�𝑣𝑎𝑙𝑢𝑒

�𝑋�100%

(3.1)

The percentage error in equivalence ratios were evaluated using Equation 3.1, and
the temperature was evaluated using Rayleigh scattering theory.
Results and Discussion
Initially, similar equivalence ratios, as used in previous literature [1], were
obtained. This required that the flow meter company had to be contacted to get
correlation charts in order to calibrate the flow meters. Once this was done, I now had
methane and air flows with corresponding volume flow rates in conformity with that
obtained in the previous literature. Much higher flow rates, ranging from 90 to 130
(arbitrary units) (for air flow) and 100 to 110 (for methane flow), were utilized when
using the slot burner. Flow rates used when McKenna burner was running ranged from
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30 to 110 (for air flow) and from 12 to 100 (for methane flow) as shown in Figure 3.3 in
calibration charts.
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Figure 3.3

Calibration curves for methane and air flow in McKenna flat-flame burner

A comparison of equivalence ratios obtained using the slot burner and that
obtained using the McKenna burner showed leaner fuel mixtures when using the latter as
shown in Table 3.2 and Table 3.3 with percentage errors all below 5%.
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Table 3.2

List of equivalence ratios using the rectangular slot burner for the same
flows as that used by McKenna flat-flame burner.

Air-Methane flow Equivalence ratios(𝝋) Uncertainty (±) Percentage Error in 𝝋
100-100
1.13
0.07
4.93
110-100
0.96
0.05
4.31
90-100
1.32
0.07
4.44

Table 3.3

List of equivalence ratios using the McKenna flat-flame burner for the
same flows as that used by rectangular slot burner.

Air-Methane flow Equivalence ratios(𝝋) Uncertainty (±) Percentage Error in 𝝋
100-100
1.04
0.04
4.29
110-100
0.86
0.04
4.20
90-100
1.21
0.05
4.35
A few of the equivalence ratios of interest are also indicated in Table 3.3, ranging from
0.62 to 1.21.
Table 3.4

Equivalence ratios of interest

Air-Methane flow Equivalence ratios (𝝋) Uncertainty (±)
88-40
0.64
0.05
63-25
0.62
0.06
70-40
0.83
0.06
60-32
0.85
0.07
65-34
0.78
0.06
60-30
0.81
0.07
60-35
0.92
0.07
50-30
1.00
0.09
100-100
1.04
0.04
90-100
1.21
0.05
110-100
0.86
0.04

Flame structures corresponding to some of these equivalence ratios are shown in
Figure 3.4. When there is not enough oxygen, there is incomplete combustion, i.e.,
yellow color is evident in burner flame. When enough oxygen is introduced via more
flow of air it gets blue in color showing more and more of complete combustion. The
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shape gets better as I change the flow rates to obtain the best flat flame structure with
stoichiometric fuel mixture of 𝝋=1 which would permit obtaining the adiabatic flame
temperature.
LIBS spectra obtained as shown in Figure 3.5 for 𝝋= 0.62, shows all the chemical
species in the fuel mixture as that observed when using the slot burner. It is worth noting
that the hydrogen line shows greater intensity for fuel rich mixtures while the nitrogen
and oxygen lines decrease with increasing equivalence ratios due to the decrease in the
air contribution in fuel rich mixtures

Figure 3.4

Some flame structures of different equivalence ratios
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Figure 3.5

LIBS spectra in flame with 𝝋=0.62

A comparison of the rectangular slot burner and the McKenna flat-flame burner,
in conformity with one of my research objectives, results in the following plots in Figure
3.6 which show that for the same lean equivalence ratio of 𝝋=0.83, the LIBS spectra for
the slot burner shows higher intensity values for the same species than those in the
McKenna burner. When a neutral density filter ND 1.1 (used for the attenuation of the
laser light) is introduced the difference in intensity is seen even more clearly as shown in
Figure 3.6. For a fuel rich mixture of 𝝋= 1.21 there is practically no difference in the
spectra while for a stoichiometric mixture there is still slightly higher intensity values for
the slot burner compared to that of the McKenna burner.
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Figure 3.6

Slot and McKenna spectra comparison plots

McKenna burner was positioned on a translational stage in order to be able to
vary the measurement location relative to the flame. This is important in order to ensure
that initiation of breakdown event is not significantly biased by generating local high
intensity spots away from the actual measurement position and to obtain a temperature
profile. The results are presented in Figure 3.7.
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Figure 3.7

Intensity variation with displacement

Intensity flow plots were taken with the goal of ensuring that our measurements
were not significantly affected by variation of flow rates for methane and air. The
differences that arise as shown in Figure 3.8 are because of different experimental
conditions used. Five glass slides were stacked and used for attenuation of laser light in
all air flow plots while in addition to this, 0.2 ND filters were used for methane flow
when measuring 2 cm above the burner exit.
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Figure 3.8

Intensity flow plots for air and methane flow rates

The laser light intensity was then compared for LIBS spectra taken in air,
stoichiometric mixture and equivalence ratio of 𝝋=0.85 and the results presented in a plot
as shown in Figure 3.9
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Figure 3.9

Intensity of the 532-nm wavelength laser source compared in air and
flames of different stoichiometries.

The breakdown rate which can be defined as the ratio of the number of laserinduced breakdown to the number of laser shots was compared to the pulse energy for
various equivalence ratios and the following results were obtained as shown in Figure
3.10 and Figure 3.11.
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Figure 3.10

Energy compared with different breakdown rates at different equivalence
ratios

Figure 3.11

Pulse energy is steady at this particular breakdown rate.
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A lot of adjustments were made on the translational stage to obtain a temperature
profile for the McKenna flame which included, changing measurement position above
burner exit, painting burner with anti-reflexive paint and putting burner in a black box.
The results are presented in Figure 3.12

Figure 3.12

Temperature variation with displacement.

Conclusions
Forty-five equivalence ratios were calculated using the McKenna flat flame
burner and consistently showed slightly richer equivalence ratios for same flows than
when the rectangular slot burner was used. The flame obtained with McKenna burner was
clearly less turbulent, more steady and significantly lower methane or air flows than
could be used unlike when using the slot burner. Adjustments made on experimental set
up by enclosing burner in a black box (A box made of cardboard whose interior is coated
with black paper entirely), using beam blockers, using black tape on burner and slightly
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varying measurement points above burner exit did not significantly affect the temperature
profile. Other adjustments can be made different from the ones used in this project to
obtain a temperature profile which is close to adiabatic temperature.
LIBS spectra obtained showed slightly higher signal intensities in the slot than in
the McKenna burners. ND filters and glass slides were useful devices to adjust laser
source intensities as required. Laser source intensities were greater in air and decreased
with increasing the equivalence ratios in the premixed methane-air flame. There was a
linear relationship between the energy and breakdown rates of different stoichiometries
and a steady pulse energy was observed at a breakdown rate of 0.5.
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CHAPTER IV
A STUDY OF SELECTED GASES AND GASEOUS MIXTURES USING LASERINDUCED BREAKDOWN SPECTROSCOPY (LIBS)
Abstract
Laser-induced breakdown spectroscopy (LIBS) has been widely used in the
analysis of solids and liquids but has had relatively less attention in the analysis of
gaseous samples. LIBS spectra of helium, argon and nitrogen were acquired using
samples of pure gases at low pressures. The spectra from the three samples showed
continuum contributions which differ from one gas to the other. To better understand
LIBS of gaseous samples, I have performed a study of laser-induced plasma in three
gases i.e. Ar, He, N2 and their mixtures. The evolution of plasma intensity and electron
density, with time was studied at different laser pulse energies. The plasma intensity
showed a decreasing pattern with increasing gate delay, while the electron density was
inferred from Stark broadening of an observed emission line. The spectrum emitted by
the laser-induced plasma can be simulated using the assumed plasma composition,
plasma temperature and electron density and the spectroscopic constants of the emission
lines from the NIST Atomic Spectra Database. To investigate the effect of plasma
background, gas composition, spectral interference, etc. on the observed LIBS spectra,
simulated LIBS spectra of the gaseous samples were compared with experimental
spectra. This study will help to improve the understanding of laser-induced plasmas for
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more accurate LIBS spectral simulation which is important for direct gas analysis with
LIBS using a LIBS database of simulated LIBS spectra.
Introduction
Helium is the second lightest element with atomic number of 2. It is also the
second most abundant element in the observable universe. Argon is a much heavier noble
gas with atomic number of 18. It is also the third most common element in the earth’s
atmosphere, while nitrogen with atomic number of 7 forms 80% of the earth’s
atmosphere.
9

11

2

When a high power laser pulse of irradiance 10 -10 W/cm interacts with air or
any other gaseous pure component or mixture, a spark is produced due to photoelectric
breakdown in the gases from the electric field associated with the laser pulse. This spark
generation will be followed by charged particle production, laser light absorption, and reradiation of the light from the spark. This phenomenon is called laser-induced
breakdown.
A unique feature of LIBS is its ability to enable remote, real-time determination
of the elemental composition of a sample, whatever its nature, physical state or
environment [1-3]. Although the LIBS technique has found widespread application in the
elemental analysis of solids and liquids, there has been only limited scope for using it in
gas analysis. This is due to significant loss of molecular information in laser-produced
plasmas during the atomization and ionization processes which occur during plasma
formation. Scope for using LIBS for unambiguous identification of gases is, in the main,
restricted to monatomic species, such as the noble gases [4].
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Although LIBS experiments are frequently performed under helium or argon
atmospheres at reduced pressure in order to optimize the plasma conditions, the emission
spectra of the gases themselves have received relatively little attention. Early work
conducted by Rosen and Weyl [5] in the 1980s focused on the experimental and
theoretical investigation of LIBS in nitrogen, argon, neon and xenon using an Nd:YAG
laser operating at its second and third harmonic wavelengths. In the following decade,
Iida [6] and Lee [7] investigated the influence of the confining atmosphere on the optical
emission from laser-generated plasmas in order to assess the influence of the surrounding
gas on the analyte emission lines. Around the same time, Xu et al. [8] studied the timeand wavelength-resolved laser-induced plasma emission spectra in helium, argon,
nitrogen, air and various gas mixtures over the 200-700 nm wavelength range and found
that plasmas generated in helium provided a stable spectrum over this region. Plasmas
created in argon had the longest decay times, followed by helium and nitrogen. In more
recent years, Hanafi et al. investigated the spectral emission of pure helium, argon,
nitrogen and air in plasmas generated using a pulsed ruby laser and recorded the temporal
behavior of the emission of each analyte for the different spectral regimes (continuum,
ionic, and atomic). The influence of gas pressure and laser power on the intensity of the
emission for the three gases was determined using their intense emission lines and a
relationship between the intensity of the spectral lines as a function of the laser power at
different pressures was observed [9].
In this present work, I have applied laser-induced breakdown spectroscopy
(LIBS) for measurement of helium, argon, nitrogen and gaseous mixtures of some of
these gases. A main focus of this study is to investigate whether LIBS can be used as an
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analytical technique to detect these gases. LIBS is a promising detection tool for solid,
liquid and gaseous samples [1, 3, 10]. Generally, a laser beam is focused within the
gaseous sample to create high temperatures, dissociating the sample to form plasma.
Radiation from the plasma is then collected by the spectrometer. Subsequent analysis of
the radiation gives qualitative and quantitative information of chemical species present in
the sample. Various authors have used LIBS for detection of gaseous samples [4, 11-15].
While Hahn et al. [11] have used LIBS for hydrogen leak detection, Winefordner et al.
[12] and McNaghten [4] have utilized it for detection of gaseous/particulate fluoride and
helium, and argon in binary and ternary gas mixtures with nitrogen, respectively.
Recently, Eseller et al. [13] used the technique for monitoring Ar, He and oxygen
impurities in hydrogen. Ferioli et al. [14] have applied LIBS to measure the equivalence
ratio of a spark-ignited engine where they showed that the ratio of either C (711.3nm) or
CN (707-734 nm) peaks and any of the N (746.3 and 743.8nm) or O (776.6 nm) spectral
lines can be used to estimate the equivalent ratio. In fact, the LIBS calibration curve of
gaseous samples shows a better linearity and reproducibility than those for solids and
liquids. This may be attributed to weak interactions relevant to the matrix effect in low
density gas sample at atmospheric pressure and to the homogeneity of the gaseous sample
[16].
Experimental
Apparatus
A schematic of the experimental set up is shown in Figure 4.1. A two-way
cylindrical cell was used to hold the gaseous sample during the measurement. The cell
was fitted with two quartz windows at both ends to allow the laser beam to enter and exit
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the cell. The sample cell contained ancillaries to allow inflow and venting of gas, and
measurement of the cell pressure. A rotary vane pump (Edwards E2M2) and a Baratron
absolute gauge (MKS 122A) were connected to the cell. The Nd:YAG laser (Big Sky Inc.
CFR400) with a wavelength of 532 nm was used in this investigation. It was operated in
Q-switched mode with a pulse repetition rate of 10 Hz. The pulse width (FWHM) and the
maximum pulse energy were 8 ns and 180 mJ, respectively. The beam diameter was 6.5
mm and had a Gaussian beam profile. A spherical plano-convex fused silica lens of focal
length 10 cm was used for focusing the laser beam into the center of the sample cell to
create a plasma spark within the gas mixture. The emission from the laser-induced
plasma was focused into a fiber optic cable by a fused silica lens of focal length 10 cm.
The other end of the optical fiber was coupled into a UV-visible Echelle optical
spectrograph (LLA Instruments, GmbH, ESA 3000 EV/I, Berlin, Germany). The
spectrograph covered the spectral range of 200-780 nm (although it had some spectral
gaps). It had a linear dispersion of approximately 5-19 pm/pixel. A 1024x1024 element
intensified charge-coupled device (Kodak KAF-1001) with a pixel width of 24 µm was
cooled by Peltier elements was attached to the exit of the spectrograph which was used to
detect the light from the laser spark. The detector was operated in gated mode using a
dedicated high-voltage fast-pulse generator (Stanford DG 535) that was synchronized
with the laser pulse. The data acquisition and analysis were performed on a personal
computer using ESAWIN software [16]. Two certified gas mixtures supplied by Nexair
were used in the experiments. These comprised a cylinder of compressed air and another
of helium, nitrogen or argon. The certified gas mixtures were used to prepare the gas
sample for system calibration [20].
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Figure 4.1

Schematic of experimental set up for gas measurement [16].
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Procedure
A study was made to investigate the spectral emission of plasma formed in a
stainless-steel chamber with either air, He, Ar, N2 or a mixture of any of these gases. This
is done by means of a focused beam of an Nd:-YAG laser radiation at wavelength of 532nm.
First of all, our computer, detector controller and pulse generator as shown in
Figure 4.1 are turned on, followed by the Nd:-YAG laser. The laser is allowed to stabilize
for several minutes before allowing it to run. The energy level is adjusted and the Qswitch button is turned on.
The ESAWIN software is activated by clicking on the flash lamp icon while all
other parameters are checked and adjusted accordingly.
In measuring the spectral emission, the chamber is evacuated to a minimum
pressure of 71.6 torr (or as indicated on pressure gauge) and then purged before filling the
chamber with gas to perform the experiments. This purging process is repeated several
times in order to obtain the highest percentage of gas purity.
Before the inlet of any gas to be used, the gas channels of any gas not to be used
at that time are kept closed while the other gas channels to be used are opened slowly
while monitoring the pressure channel selector to keep the pressure from going above the
atmospheric pressure.
Results and Discussion
To obtain the variation between intensity and gate delay for pure helium while
increasing the pulse laser energy systematically from approximately 92 to 127 mJ, with
results shown in Figure 4.2.
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Figure 4.2

Intensity vs gate delay plots for helium at 388.86-nm of wavelength

To obtain a variation of the intensity with respect to the energy of the laser for
helium at 388.86-nm and 587.525-nm respectively, the gate delay was set at 500-ns while
measurement was carried out as shown in Figure 4.3 and Figure 4.4.

Figure 4.3

Intensity vs energy plot for helium at 388.86-nm.
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Figure 4.4

Intensity vs energy plot for helium at 587.525-nm.

I also looked at variation of intensity versus gate delay for argon at two of its
outstanding strong lines of interest (434.788-nm and 706.739-nm respectively) as shown
in Figure 4.5 and Figure 4.6.
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Figure 4.5

Intensity vs gate delay plot for argon at 434.788-nm.

Figure 4.6

Intensity vs gate delay plot for argon at 706.739-nm.
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The intensity variation with energy for argon and nitrogen, exhibited a similar
pattern as that for helium as shown in Figure 4.7 and Figure 4.8. The results show that an
increase in energy corresponds to higher intensity values. This is important, to ascertain
the fact that changes in laser energy do not significantly affect our measurements and if
they do, it is important to monitor how much effect it has.

Figure 4.7

Intensity vs energy plot for argon at 434.788-nm.

85

Figure 4.8

Intensity vs energy plot for nitrogen at gate delay of 500-ns for various
wavelengths.

A higher gate delay of 1000-ns did not have any effect on the variation of
intensity versus energy for nitrogen as shown in Figure 4.9.
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Figure 4.9

Intensity vs energy plot for nitrogen at gate delay of 1000ns for various
wavelengths

Temperature was determined at various gate delays using a Boltzmann plot [17], for a gas
mixture of argon and helium with a helium concentration, that is three times that of
argon.

Figure 4.10

Temperature vs gate delay plot for gas mixture of argon and helium.

The temperature was fairly constant with increase in pressure for a gas mixture of argon
and helium with the same percentage composition of each.
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Figure 4.11

Temperature vs pressure for gas mixture of argon and helium

The variation of temperature with pressure exhibited a similar pattern as in Figure 4.11,
for a gas mixture with the concentration of argon being three times that of helium. This
result implies that the concentration ratios of our pure gas mixtures have little or no effect
on the temperature.

Figure 4.12

Temperature vs pressure for argon and helium gas mixture.
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Conclusions
The LIBS technique is used primarily (amongst others) because it is simple, has a
fast response, multi-species measurement possible and it has high detection efficiency.
The plasma intensity showed a decreasing pattern with increasing gate delay. The plasma
intensity had a direct proportionality in variation with energy as is expected.
The temperature decreased with increasing gate delay as is expected. The
temperature remained fairly constant with increase in pressure. From the data of how
intensity varies with time, the electron density and temperature variation with time can be
calculated. Plasma temperature, is a very important piece of information we need, along
with the amount of electrons present in the plasma, per unit volume.
The importance of plasmas cannot be overemphasized. Plasma properties have
been utilized in the production of plasma TVs, plasma displays, fluorescent lamps, neon
signs, semiconductor device fabrication, rocket exhaust, fusion energy, etc. I believe with
these and other potential applications, its study with the help of LIBS will help us
improve our understanding of laser-induced plasmas for more accurate LIBS spectral
simulation which is important for direct gas analysis with LIBS using a LIBS database of
simulated LIBS spectra.
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CHAPTER V
SPECTROSCOPIC ANALYSIS OF CERIUM, CESIUM AND STRONTIUM
(NUCLEAR SURROGATES) USING LASER-IDUCED BREAKDOWN
SPECTROSCOPY (LIBS)
Abstract
Samples containing cerium, cesium and strontium were made with known
concentrations and analyzed using laser-induced breakdown spectroscopy (LIBS). Rapid
and in situ analysis of powder samples, including nuclear surrogates helps in providing
more information for quicker analysis of suspicious materials, environmental samples
and forensic applications with respect to powder specimens. Powder samples are more
challenging to analyze using LIBS than pellets. That is why it is of crucial importance,
since many samples found in nature are not in lab pellet form. Spectra resulting from
these samples under various experimental conditions were compared for possible
interferences and other properties, placing particular interest on Ce II 418.65 nm, Cs I
852.11 nm and Sr I 460.73 nm atomic emission spectra lines, which are outstandingly
strong and persistent lines of the above mentioned elements respectively, with relatively
high intensities according to the National Institute of Standards and Technology (NIST)
data base. Peak intensities, normalized areas, limit of detection amongst others were
compared.
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Introduction
LIBS is an atomic emission technique that uses a focused, typically nanosecond,
laser pulse to form plasma on the surface of the sample. The plasma atomizes, excites and
ionizes the material within the focal volume of the laser pulse. The early stages of the
plasma are dominated by bremsstrahlung emission. Very little, if any, atomic or
molecular information is observed over the continuum during this time. After a delay
time of nanoseconds to microseconds, the plasma begins to cool and to expand. The
excited species relax, emitting light that is characteristic of electronic transitions within
the atom. The emitted light is collected and then analyzed using a spectrometer. The
resulting spectrum is used to determine the elemental composition of the sample. Every
element in the periodic table emits a unique spectral signature allowing for accurate
identification via comparison to atomic emission data in the literature [1-3]
The logistics of directly detecting and analyzing nuclear materials in the
laboratory is very complicated and undergoes very intense scrutiny through layers of
safety protocols. This necessitates the development and the optimization of the technique
of in-situ laser-induced breakdown spectroscopy (LIBS) for the rapid and quantitative
analysis of the surrogates of radioactive solids without dissolving the sample. LIBS is an
environmentally friendly technique and significantly reduces the risk of direct personnel
exposure and liquid waste generation. Furthermore, the use of statistical analysis of the
surrogate materials, such as Sr, Ce and Cs, using standards of known concentrations is
used because it is a powerful tool in establishing unknown concentrations for future
applications of the LIBS technique to real samples that can be accessed only remotely.
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Over the last 30 years, few results related to radioactive solid materials have been
published [4].
One major advantage of LIBS, is its ability for remote chemical analysis of
samples with little or no sample preparation and not much handling of the sample. There
are certainly other analytical techniques that can be used to analyze samples which are
not difficult to access. Nevertheless, LIBS is more effective in analyzing suspicious and
possibly dangerous samples without exposing the analyst to danger. Its operation and
instrumentation is simpler and has a faster response than some of the other more sensitive
techniques. In laboratory studies, standard solutions with metal concentrations in low
parts-per-million range were successfully measured, and the literature database indicates
that the limits of detection (LODs) in solution for most of the elements of interest meet or
exceed typical requirements for tank waste characterization. Compared to solution
analysis, LIBS is often more sensitive for the detection of elements in the solid phase.
The limited data available for particles in solution suggests greater LIBS sensitivity than
for pure solutions [5]. The ability of LIBS to provide rapid multi-elemental microanalysis
of bulk samples (solids [6-20], liquid [21-29], gas [30-34], aerosol [35,36]) in parts-permillion (ppm) range with little or no sample preparation has been widely demonstrated.
Martin et al. after obtaining sufficient LIBS data, used Unscrambler (Version 9.7)
software to do a multivariate analysis [4].
Powder materials, both granular as well as fine powder represent the most
common form of raw material in the industry world-wide. Industries, like chemical,
pharmaceutical, glass, ceramic, food, mining, metallurgy, construction and many others,
use powder material continuously in their applications and processes. Most of the time,
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the powder material used in an industrial application is a mixture of various pure
chemicals and the quality of the end-product invariably depends on the composition of
the mixture being used, necessitating on-line/in-situ monitoring of the elemental
composition of the powder material before it is fed into a process. This on-line/in-situ
monitoring of elemental composition can be also helpful in resolving environmental
issues by identifying pollutants before starting of the process through which the powder
material has to undergo. A large number of analytical techniques like wet chemistry,
infrared/visible/ultraviolet absorption/fluorescence spectrometry, light scattering,
chromatography, continuous/pulsed NMR, mass spectrometry and X-ray
diffraction/fluorescence can be used to monitor the elemental composition of powder
material. State-of-the-art instruments based on these techniques are available
commercially with enough speed and sophistication of data collection required to meet
the ever increasing demand for high sensitivity, selectivity, precision, accuracy and
number of samples to be processed. However, almost all these techniques need sample
preparation and most of the operating costs and work activity are spent in sample
preparation for injection into a measurement device. The operating costs are further
escalated due to waste storage, segregation and disposal of the chemicals/solvents used
for sample preparation. Hence, there is need for a better on-line/in-situ analytical
technique which does not need much sample preparation; products from various stages of
an assembly line can be directly checked. LIBS is almost an ideal technique for such
applications as it needs minimal sample preparation, results are obtained in a few seconds
and several elements can be monitored simultaneously. Also, the data collection
techniques of LIBS are sophisticated enough to be used for the control of the process in
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which powder material is used. Nevertheless, various experimental conditions need to be
optimized in the LIBS technique to obtain the best reproducible data in case of powder
materials [37].
Experimental
Apparatus
The LIBS setup employs a Q-switched Nd: YAG pulsed laser (Quantel CFR400,
6-mm diameter, 235-mJ maximum) with a fundamental wavelength of 1064-nm which is
frequency doubled to 532-nm as the excitation wavelength. The laser pulse energy of 68mJ was used, with a beam width of 7-ns, and the repetition rate was set at 20 Hz. The
laser beam was focused through a 30-cm focal length quartz lens and then, a right-angle
prism was used to direct the laser pulses onto the target material which was placed on a
constantly rotating platform, so that the laser pulse would interact with a fresh sample at
each time. A 100-µm fiber-optic cable (Ocean Optics Inc. (OOI) Part No. 74-UV) was
mounted at a 45° angle to the target’s surface. The light released from the plasma
containing the emission spectrum was delivered by the fiber-optic cable to spectrometer
(Andor Mechelle ME 5000 broadband) which was connected to an intensified charged
coupled detector (1024x1024 ICCD) which helps to integrate the spectrograph signal.
The ICCD camera records the emission lines and allows the identification of the elements
through their unique spectral signatures. The spectrometer covers a wavelength range of
200-975-nm, covering the spectral lines of almost all the elements and allows LIBS to
detect most chemical elements. The LIBS system (Figure 5.1) was controlled by a
computer using Andor SOLIS software for Windows (Andor Technology).
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Figure 5.1

LIBS experimental set up for powder samples

Sample Preparation
Experimental samples were prepared using several mixtures of CeO2, CsCl, SrCl2
and Al2O3.
The concentration of CeO2 was varied from 5 to 25% (in weight percent, wt%) in the
various samples.
Each sample was a 5g mixture with 0.25g of CeO2, CsCl, SrCl2 each and 4.25g of
Al2O3 for the first; 0.5g of CeO2, CsCl, SrCl2 each and 3.5g of Al2O3 for the second;
0.75g of CeO2, CsCl, SrCl2 each and 4.25g of Al2O3 for the third and many other
combinations with 1%, 4%, 7%, 8%, 10% and 15% concentrations of CeO2 to obtain
calibration curves as shown in Table 5.2.
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The samples were then thoroughly mixed in powder form. A small amount of
approximately 20 mg of each mixture is then placed on a glass slide, with double sided
tape on it. Each mixture is uniformly distributed on each slide by using another slide. The
glass slide with uniformly distributed sample is then placed on a rotating platform and
laser beam is focused onto it with experimental set up and procedure as described in
Chapter II for the case of tortilla.
Table 5.2

Sample composition of mixtures

Sample CsCl(gm) CeO2 (gm) SrCl2 (gm) Al2O3 (gm) Ce%
0.25
0.25
0.25
4.25
5
1
0.5
0.5
0.5
3.5
10
2
0.75
0.75
0.75
2.75
15
3
1
1
1
2
20
4
1.25
1.25
1.25
1.25
25
5
0.05
0.5
0.75
3.7
1
6
0.35
0.75
0.5
3.4
7
7
0.4
0.5
0.75
3.35
8
8
0.5
0.4
0.75
3.35
10
9
0.75
0.5
0.4
3.35
15
10
0.2
0.3
0.75
3.75
4
11
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Spectra of powder mixture

Figure 5.2

Spectra of powder mixture with Ce 418.66-nm line.

From the spectra of the powder mixture, we observe no interference to the Ce
418.66-nm line despite the rich mixture with other nuclear surrogate samples and our
matrix sample (Al2O3).
Results and Discussion
A relationship between intensity and normalized areas of strong lines of cerium,
cesium and strontium at different gate delays is obtained to ascertain the fact that both
patterns are similar without which proceeding with the experiment will be certainly error
prone. The results obtained are shown in Figure 5.3 and Figure 5.4 below.
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Figure 5.3

Intensity versus gate delay plots for cerium, cesium and strontium strong
lines.
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Figure 5.4

Normalized areas versus gate delays for strong lines of cerium, cesium and
strontium.

In order to optimize the gate delay a signal-to-noise ratio was obtained for the
various strong lines in the powder mixture. The optimized value for the gate delay was 2
µs as shown in Figure 5.5. As from this point every other measurement was carried out at
this gate delay.
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Figure 5.5

Signal-to-noise ratio versus gate delay plot.

Calibration curves used for predictive accuracy of our model are shown below

Figure 5.6

First calibration curve for sample with cerium concentrations from 1 to
15%
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Figure 5.7

Second calibration curve with cerium concentrations from 5 to 25%

Figure 5.8

Calibration curve for Ce(II)413.76-nm line
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Figure 5.9

Calibration curve for Ce(II) 413.37-nm line

The LOD for the Ce (II)418.66-nm was obtained along with those of cesium and
strontium strong lines as shown in Table 5.3.
Table 5.3

LOD for Ce, Cs and Sr strong lines of interest
Analyte Line (nm)

LOD (ppm)

Ce 418.66

77

Cs 852.14

924.32

Sr 460.73

1040.94

The predictive accuracy of the developed calibration model is given by the
relative accuracy (RA%) [38]. The results are presented below in Table 5.4.

104

Table 5.4

RA of three cerium lines considered for the same known concentrations

Considered lines (nm) Exact value of Ce% Predicted value of Ce% RA%
Ce 418.66
Ce 413.37
Ce 413.76

8

7.7

3.8

8

7.3

8.8

8

7.4

7.5

Clearly, from Table 5.4, Ce 418.66-nm has a much lower relative accuracy value,
making it a more suitable line to use for predictive accuracy of our calibration model.
Conclusions
Results obtained reveal that intensity and normalized area under curve decrease
with increase in gate delay for strong lines of cerium, cesium and strontium in powder
mixtures. Mixtures of several powder samples did not show interference with respect to
the Ce 418.66-nm line.
Several concentrations of CeO2 in the powder mixture were used to obtain
calibration curves. Using 1%, 4%, 7%, 8%, 10% and 15% concentrations gave a linear
relationship between peak intensity and gate delay. This exercise is repeated with a
different range, consisting mainly of higher concentrations, i.e., 5%, 10%, 15%, 20% and
25% and the same linear relationship is obtained.
Cerium is a fission product which is also used as chemical surrogate for
plutonium studies. Improving its detection is of consequential importance and the results
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obtained give an improved limit of detection compared to what was obtained using
pellets by Martin et al. [4].
Relative accuracies for strong lines of cerium used show case the fact that the Ce
(II) 418.66-nm line is a better line for analysis.
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CHAPTER VI
SUMMARY AND RECOMMENDATIONS FOR FUTURE RESEARCH
In this chapter, a summary of the dissertation work described in Chapter 2 through
Chapter 5 on the study of wheat flour tortillas, combustion, selected gaseous and nuclear
surrogate samples is given. In addition, some recommendations for future research work
are also presented.
Research Summary
The results of ratio analysis of the intensity of atomic emissions provide a sizable
range of ratio values for differentiating the various types of tortillas. Due to the growing
interest that LIBS is receiving for its potential in biomedical, environmental, industrial
and space applications, the results obtained buttress the fact that LIBS is an effective tool
for in situ analysis and quality control of food samples with little or no sample
preparation. A careful selection of spectral lines of Ca, Na and K which do not suffer
from spectral interference was made. Spectral properties of the above mentioned
elements such as peak intensities, intensity ratios, and area under spectral lines were
analyzed. Optimization of laser pulse energy, detection gate width and gate delay for well
resolved spectra with high signal-to-noise ratio was done and other parameters studied.
Spectroscopy is an efficient tool for combustion diagnostics. Typically, this
*

*

involves the spectroscopic study of intermediate species (such as OH , CH , 𝐶2∗ , C𝑂2∗ etc.)
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formed in the flame to characterize the combustion process and to measure important
variables, such as: - flame temperature, fuel concentration, fuel composition, equivalence
ratio, etc. A new set of equivalence ratios were calculated to be utilized in obtaining the
most suitable stoichiometric flat flame which is used to get the adiabatic flame
temperature. Rayleigh scattering theory is then used to obtain a temperature profile for
the McKenna burner.
LIBS of pure gases and gaseous mixtures can provide vital information on the
evolution of plasma intensity and electron density, with time at different laser pulse
energies. The plasma Intensity showed a decreasing pattern with increasing gate delay,
while the electron density can be inferred from Stark broadening of an observed emission
line. The spectrum emitted by the laser-induced plasma can be simulated using the
assumed plasma composition, plasma temperature and electron density and the
spectroscopic constants of the emission lines from the NIST Atomic Spectra Database.
Samples containing cerium, cesium and strontium were made with known
concentrations and analyzed using laser-induced breakdown spectroscopy (LIBS). Rapid
and in situ analysis of powder samples, including nuclear surrogates helps in providing
more information for quicker analysis of suspicious materials, environmental samples
and forensic applications with respect to powder specimens.
Recommendations for Future Research
The following are recommendations based on each chapter for future prospective
researchers.
In Chapter 2, a study was performed that showed that the various types of tortilla
were very rich in salt content as indicated on the product packages and based on the
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intensity ratios, the various food samples can be differentiated from each other. Future
work in this chapter should focus on the applicability of this technique to larger amount
of food samples other than tortilla. Also, by intentionally doping the various types of
tortilla, a study can be done to ascertain the absence or presence of toxic elements in food
samples.
In Chapter 3, forty-five equivalence ratios were calculated and used to get the best
possible stoichiometric fuel mixture that will give a suitable flat-flame structure for our
McKenna burner. This was done, in order to come up with a flame temperature as close
to the adiabatic flame temperature as possible. The adjustments described in this work to
obtain the temperature, could be improved upon. Several other positions of measurement
above the burner exit could be attempted, several other equivalence ratios with lesser
uncertainty values could be utilized. The flame temperature could also be affected by the
uncertainty in the post-flame composition due to non-local thermodynamic equilibrium.
The in-let gas temperature and ambient pressure could also significantly affect the flame
temperature. These could be considered more thoroughly in a future research when
evaluating the flame temperature.
In Chapter 4, an analysis was carried out using pure gases and some of their
mixtures. The focus on a future research should be on trying different concentrations of
other gas mixtures than the ones described to see if the same results can be obtained.
In Chapter 5, the main focus of this work was on the nuclear surrogate to
radioactive plutonium (cerium). The focus on a future research should be on the other
nuclear surrogates. In addition, using the Unscrambler software (mentioned in the
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introduction to Chapter 5) and doing a multivariate data analysis would help improve the
predictive capabilities of our calibration models.

113

